Abstract. Consumption of fresh vegetables contaminated with pathogenic Escherichia coli has
Introduction
Fresh vegetable consumption has been increasing in the United States due to health awareness. Even though crop production, processing, and distribution have been improved to achieve the high quality of produce to consumers, outbreaks of foodborne disease from fresh vegetable consumption have risen (Beuchat, 1998) . One recent example is the E. coli O157:H7 outbreak from fresh spinach in September 2006 (FDA, 2006) . Prevention of the bacterial attachment to the vegetable surface is one approach in reducing the outbreaks.
Natural plant surface is covered by cuticles which are lipid membranes composed of cuticular waxes and the lipophilic cutin polymer containing some polar polysaccharides (pectins, celluloses, and polypeptides) (Schonherr and Baur, 1996) . The topography of leaf surface comes in various appearances which were observed under scanning electron microscopy (Harr and Guggenheim, 1995; Troughton and Donaldson, 1972) . Several studies on the attachment of E. coli to lettuce surface have been performed (Seo and Frank, 1999; Frank, 2000, 2001; Wachtel et al., 2002) . The studies have shown that the bacteria tend to colonize in the stomata (gas exchange pores), broken trichomes (plant hairs), or cracks in the cuticle. Bacterial attachment to surface is often mediated by cell surface-associated protein polymers called fimbriae. Self-assembled fimbriae-like filaments called curli also promote the attachment (Collison et al., 1991; Hammer et al., 1996) . Another factor influencing the attachment might be bacterial cellulose and extracellular polysaccharides (White et al., 2003) . Different strains of bacteria with different gene expressions in attachment abilities have been studied to better understand the nature of the attachment (Barak et al., 2005; White et al., 2003) . Nevertheless, the morphology of natural plant surface consists of uncontrolled variables, which make it difficult to accurately deduce the interaction between plant surface and the bacteria.
To construct artificial plant surface microstructures with controlled characteristics, microfabrication technology is required. Soft lithography (Xia and Whitesides, 1998) , a relatively simple and inexpensive approach in microfabrication, and PDMS (polydimethylsiloxane), the most commonly used polymer in soft lithography, are well-suited for biotechnology applications. PDMS polymer provides biocompatibility and non-toxicity to several cell types (Ertel et al., 2002) and can also be autoclaved for reuse or disposed easily. To mimic the chemistry of natural plant surface, paraffin wax is used to produce a thin film that mimics epicuticular wax in plant cuticle. Also cellulose acetate is used to imitate cellulose, which is the most common biopolymer found in plant cell wall. Both materials have opposite hydrophobicity (paraffin wax is hydrophobic, while cellulose acetate is hydrophilic), which can be another factor affecting the E. coli attachment.
The goal of this research is to study the E. coli attachment to the artificial plant surfaces with controlled chemistry and topography, by determining what surface factors promote or prevent the attachment. The objectives are (1) study the effects of different microstructures and surface chemistry on the growth of E. coli, (2) measure the attachment strength of E. coli to the developed surfaces, and (3) determine the attachment characteristics of different strains of E. coli to the developed surfaces.
Material and Methods

Artificial plant surface films
Paraffin wax (327212, Sigma-Aldrich, St. Louis, MO) was used to produce a thin film that mimics epicuticular wax in plant cuticle. Cellulose acetate (419028, Sigma-Aldrich, St. Louise, MO) was used to imitate cellulose, which is the most common biopolymer found in plant cell wall. Both types of thin film were produced by first dissolving each chemical (powder form) in appropriate solvents (n-hexane for paraffin wax and acetone for cellulose acetate). The concentration of each prepared solution was approximately 1 mg/mL. Subsequently, a few drops of each prepared solution were put onto a glass cover slip and the solvent was allowed to evaporate.
Artificial plant surface microstructures
The applied microfabrication technique was replica molding, which is one of the simplest and commonly used lithography techniques. The process schematic is summarized in Fig. 1 . To make the desired mold, a 4", P<100>-type, 500-µm-thick, silicon wafer (S4PO1SP, University Wafers, South Boston, MA) was used. The wafer underwent a series of photolithographic techniques such as mask making, photoresist patterning (S-1813, Shipley, Marlborough, MA), Reactive Ion Etching (RIE), and KOH etching. PDMS base (SYLGARD® 184 Silicone Elastomer Kit, Dow Corning, Midland, MI) was mixed with a catalyst for solidification, and poured over the patterned silicon wafer. The sample subsequently underwent 2 hours of outgasing and half an hour of curing at about 130 o C. Then the PDMS was easily peeled off from the silicon mold.
E. coli attachment analysis
The cover slip containing the film or a 2 cm by 2 cm piece of PDMS polymer containing the microstructures was put into a 10-mL liquid culture inoculated with non-pathogenic green fluorescence protein (GFP) tagged E. coli (O137:H41 pKT-Kan, provided by Jeri Barak). Difco™ LB Broth, Miller (Luria-Bertani) (DF0446173, Fisher) was used to make the liquid culture. After 3 to 4 days of culture at 29 o C, the cover slip or the PDMS piece was thoroughly washed with DI water and observed directly through a fluorescence light microscope (Carl Zeiss, Carson Optical Instruments, Inc., Oakland). The bacteria growth will be determined by counting their number on the fabricated surfaces. A Powershot S3 IS Canon digital camera coupled with a customized adapter for the microscope connection was used to capture the pictures. Fig. 2 and 3 show the designs of microstructures and their actual appearances, also compared with pictures of natural plant surfaces. The first design (Fig. 2a) was intended to imitate the roughness of natural plant surface caused by epicuticular wax or trichomes. The second design (Fig. 3a) was intended to mimic the ridges between plant surface cells. Fig. 4-7 show the GFP tagged E. coli attached to the fabricated microstructures and films. The bacteria have shown to be capable of attaching all the fabricated surfaces. The research is still in its preliminary stage, however, any significant deduction on the interaction of E. coli and the fabricated surfaces cannot yet be made.
Results
Conclusion and Future Work
Substantial work will be carried out to achieve the goal and objectives of this research. Although some of the microstructures and films have been constructed, those that are more complex and resemble to the natural microstructures and films are certainly required. Fig. 8 shows the new design of microstructures. The presented dimensions of the structures are based on direct observations of natural leaves and the literatures (Noggle and Fritz, 1983; Troughton and Donaldson, 1972) . Different values in some of the dimensions are also proposed as experimental variables. To uniformly create a thin film of paraffin wax or cellulose acetate on the PDMS microstructures is another critical concern for better replicating natural plant surface. Another key portion of this research will be determination of the E. coli attachment strength. This would be examined by applying various shear stresses in short amount of time, executed similarly to the study by Nilsson et al. (2006) . The experiment setup is shown in Fig. 9 . The various shear stresses can be created by varying water flow rates controlled by a pump. The water flow will be circulated without fresh supply added and the surface will be brought out of the system when counting the number of bacteria. Finally, different selected strains of E. coli with various extracellular characteristics, for example, with or without fimbraie and/or curli, will be cultured on the artificial surfaces, to demonstrate change in the number of attached bacteria or difference in the attachment characteristics. The combinations of different film materials, microstructures, and shear stresses will be applied. 
